Background: Hyperoxia-induced neonatal lung injury is associated with activation of Wnt/β-catenin signaling. Lowdensity lipoprotein receptor-related proteins 5 and 6 (LRP5/6) are Wnt coreceptors that bind to Wnt ligands and mediate canonical Wnt/β-catenin signaling. We hypothesized that inhibition of LRP5/6 by their universal inhibitor, Mesd, would attenuate hyperoxia-induced lung injury. Methods: Newborn rat pups were randomly exposed to normoxia or hyperoxia at 90% FiO 2 and injected intraperitoneally with placebo or Mesd every other day for 14 d. On day 15, phosphorylation of LRP5/6 (pLRP5/6), expression of Wnt/ β-catenin target genes, cyclin D1 and Wnt-induced signaling protein-1 (WISP-1), right-ventricular systolic pressure (RVSP), right-ventricular hypertrophy (RVH), pulmonary vascular remodeling, alveolarization, and vascularization were measured. results: Hyperoxia exposure markedly induced pLRP5/6, cyclin D1, and WISP-1 expression in the lungs of placebo animals, but they were significantly attenuated by the administration of Mesd. Mesd also significantly attenuated hyperoxiainduced pulmonary hypertension (PH) and pulmonary vascular remodeling. However, there was no effect on alveolarization or vascularization after Mesd administration. conclusion: This study demonstrates that LRP5/6 mediates pulmonary vascular remodeling and PH in hyperoxia-induced neonatal lung injury, thereby suggesting a potential therapeutic target to alleviate PH in neonates with severe bronchopulmonary dysplasia.
B
ronchopulmonary dysplasia (BPD) is the most common and serious chronic lung disease of premature infants. Severe BPD is often complicated by pulmonary hypertension (PH) that significantly increases the mortality and morbidity of these infants (1, 2) . Although hyperoxia, mechanical ventilation, and inflammation are known to disrupt normal sequence of lung development and lead to BPD and PH, the underlying molecular mechanisms are poorly understood (3, 4) , resulting in a lack of effective treatment for BPD and PH. Therefore, it is necessary to investigate pathogenic mechanisms in animal models and identify potential therapeutic targets.
Hyperoxia-induced lung injury in neonatal rodents is widely used as an experimental model for BPD. Chronic hyperoxia exposure induces inflammatory responses, disrupts normal lung development processes, and triggers a cascade of dysregulated reparative pathways that results in alveolar simplification, decreased pulmonary vascular development, excessive pulmonary vascular remodeling, and PH, the pathological hallmarks of severe BPD (5) (6) (7) .
Wnt/β-catenin signaling is an early developmental pathway that plays an important role in airway and vascular smooth muscle cell development (8) (9) (10) . Wnt signaling has been shown to be upregulated in the lungs of adult patients with idiopathic lung fibrosis and PH (11) (12) (13) . Low-density lipoprotein receptor-related proteins 5 and 6 (LRP5/6) are Wnt coreceptors that bind to Wnt ligands and activate downstream Wnt signaling (14) (15) (16) (17) . LRP5/6 are critical mediators governing Wnt/β-catenin signaling cascade in the vasculature and therefore play a critical role in vascular smooth muscle cell proliferation and survival (18, 19) . We and others have shown that hyperoxia exposure in neonatal rats induces marked activation of Wnt/β-catenin signaling as well as upregulation of LRP6 expression (20, 21) . However, the role of LRP5/6 in the pathogenesis of BPD is unknown.
Mesd is a specialized chaperone for LRP5/6 that competitively blocks the binding of Wnt ligands to LRP5/6 and inhibits Wnt/β-catenin signaling (22, 23) . In the present study, we hypothesized that the inhibition of LRP5/6 by Mesd, a universal inhibitor of LRP 5/6, would prevent hyperoxia-induced Wnt/β-catenin signaling and thereby protect against hyperoxia-induced lung injury in neonatal rats. Our results indicate that LRP5/6 mediate hyperoxia-induced pulmonary vascular remodeling and PH, suggesting a potential therapeutic target to alleviate PH in neonates with severe BPD.
RESULTS

Inhibition of LRP5/6 by Mesd Blocks Hyperoxia-Induced Activation of Wnt/β-Catenin Signaling
First, we confirmed that inhibition of LRP5/6 by Mesd effectively blocks hyperoxia-induced activation of Wnt/β-catenin Articles Alapati et al.
signaling by measuring LRP5/6 phosphorylation (pLRP5/6) and expression of Wnt/β-catenin target genes, cyclin D1 and Wnt-induced signaling protein-1 (WISP-1). As shown in Figure 1b , hyperoxia exposure significantly increased pLRP5/6 without changing LRP5/6 expression in the lungs of animals treated with placebo, whereas administration of Mesd significantly decreased pLRP5/6. Correlating with LRP5/6 phosphorylation, hyperoxia also markedly increased cyclin D1 expression in the lungs of animals treated with placebo (0.29 ± 0.1 vs. 0.15 ± 0.04, P < 0.01, hyperoxia plus placebo vs. normoxia plus placebo) (Figure 1c) . However, administration of Mesd during hyperoxia suppressed cyclin D1 expression to normoxia levels (0.15 ± 0.06 vs. 0.29 ± 0.1, P < 0.05, hyperoxia plus Mesd vs. hyperoxia plus placebo). Similarly, expression of WISP-1, another immediate target gene of Wnt/β-catenin signaling, was also markedly increased in hyperoxia placebo animals (0.68 ± 0.07 vs. 0.3 ± 0.07, P < 0.001, hyperoxia plus placebo vs. normoxia plus placebo) and was suppressed to normoxia levels by treatment with Mesd (0.32 ± 0.07 vs. 0.68 ± 0.07, P < 0.001, hyperoxia plus Mesd vs. hyperoxia plus placebo) ( Figure  1d) . Administration of Mesd did not affect pLRP5/6, cyclin D1, and WISP-1 expression during normoxia. Thus, inhibition of LRP5/6 by its universal inhibitor, Mesd, blocks hyperoxia activation of Wnt/β-catenin signaling in neonatal rat lungs.
LRP5/6 Inhibition Attenuates Hyperoxia-Induced PH
Given the importance of Wnt/β-catenin signaling in the development and progression of PH in adult patients as well as animal models, we sought to determine the effect of LRP5/6 inhibition on hyperoxia-induced PH by measuring right-ventricular systolic pressure (RVSP). RVSP was markedly increased in hyperoxia-exposed animals treated with placebo (31.5 ± 4.4 vs. 17.2 ± 1.8, P < 0.001, hyperoxia plus placebo vs. normoxia plus placebo) (Figure 2) . By contrast, administration of Mesd decreased RVSP during hyperoxia (24.3 ± 4.5 vs. 31.5 ± 4.4, P < 0.01, hyperoxia plus Mesd vs. hyperoxia plus placebo).
LRP5/6 Inhibition Attenuates Hyperoxia-Induced RightVentricular Hypertrophy (RVH)
Given that chronic PH induces right-ventricular remodeling and leads to RVH, we next tested whether reduction of PH by LRP5/6 inhibition also attenuates RVH by measuring the weight ratio of the right ventricle to the left ventricle plus the . n = 6/group. *P < 0.05 and **P < 0.001 as compared with normoxia-exposed lungs; † P < 0.05, ‡ P < 0.01, and § P < 0.001 as compared with hyperoxia plus placebo lungs. PL, placebo; pLRP5/6, phosphorylation of low-density lipoprotein receptor-related proteins 5 and 6; WISP, Wnt-induced signaling protein. . Therefore, inhibition of LRP5/6 not only attenuates PH but also decreases RVH caused by hyperoxia.
LRP5/6 Inhibition Decreases Pulmonary Vascular Remodeling
PH associated with severe BPD is characterized by abnormal pulmonary vascular remodeling. To determine the role of LRP5/6 in pulmonary vascular remodeling, immunofluorescence staining for α-smooth muscle actin (α-SMA) was performed on lung tissue sections, and medial wall thickness of peripheral pulmonary vessels of <50 μm in diameter was measured. Hyperoxia exposure significantly increased medial wall thickness in the presence of placebo (0.22 ± 0.04 vs. 0.12 ± 0.03, P < 0.001, hyperoxia plus placebo vs. normoxia plus placebo) (Figure 4 ), which was significantly attenuated when treated with the LRP5/6 inhibitor (0.16 ± 0.02 vs. 0.22 ± 0.04, P < 0.05, hyperoxia plus Mesd vs. hyperoxia plus placebo). These data indicate that LRP5/6 play a critical role in pulmonary vascular remodeling and may thus contribute to the development of PH during hyperoxia.
LRP5/6 Inhibition Decreases β-Catenin Nuclear Translocation and Proliferation of Pulmonary Vascular Smooth Muscle Cells
To address the underlying mechanisms by which LRP5/6 may mediate pulmonary vascular remodeling, we questioned whether LRP5/6 would regulate β-catenin nuclear translocation and proliferation of pulmonary vascular smooth muscle cells. As shown in Figure 5e , the percentage of peripheral pulmonary vessels with positive nuclear β-catenin was significantly increased by hyperoxia in the presence of placebo, whereas it was markedly decreased by treatment with Mesd. Double immunofluorescence staining with α-SMA and ki-67, a specific marker of cell proliferation, revealed a markedly increased percentage of proliferating α-SMA positive cells in the pulmonary vascular medial wall in hyperoxia-exposed and placebotreated animals (Figure 5j ), whereas administration of Mesd decreased the percentage of proliferating α-SMA positive cells in the pulmonary vascular medial wall during hyperoxia exposure (0.13 ± 0.05 vs. 0.21 ± 0.04, P < 0.01, hyperoxia plus Mesd vs. hyperoxia plus placebo). This suggests that LRP5/6 regulate proliferation of pulmonary vascular smooth muscle cells that may be at least partially responsible for the increased muscularization and remodeling of peripheral pulmonary vessels.
Effect of LRP5/6 Inhibition on Vascularization and Alveolar Development
Decreased vascular growth also contributes to the development of PH in severe BPD. To assess the effect of LRP5/6 inhibition on vascular development, we performed immunofluorescence staining with an anti-von Willebrand factor antibody. Compared with normoxia lungs, the number of von Willebrand factor-positive vessels was significantly decreased in hyperoxia lungs exposed to placebo (2.8 ± 0.7 vs. 8.9 ± 0.8, P < 0.001, hyperoxia plus placebo vs. normoxia plus placebo). However, no significant change was noted after Mesd treatment during hyperoxia (2.5 ± 0.7 vs. 2.8 ± 0.7, P = 0.5, hyperoxia plus Mesd vs. hyperoxia plus placebo). Similarly, LRP5/6 inhibition did not improve alveolarization. Although mean linear intercept was increased by hyperoxia exposure in placebo-treated animals (59.7 ± 3.9 vs. 42 ± 2.2, P < 0.001, hyperoxia plus placebo vs. normoxia plus placebo), no effect was noted after administration of Mesd (60.8 ± 3.7 vs. 59. ± 3.9, P = 0.5, hyperoxia plus Mesd vs. hyperoxia plus placebo). As shown in other studies, expression of vascular endothelial growth factor (VEGF) was markedly decreased in hyperoxia placebo lungs. However, administration of Mesd did not change VEGF expression during hyperoxia (data not shown).
DISCUSSION
The present study demonstrates that LRP5/6 inhibition by Mesd blocks hyperoxia-induced Wnt/β-catenin signaling in neonatal rat lungs and attenuates chronic hyperoxia-induced PH, RVH, pulmonary vascular remodeling, and pulmonary vascular smooth muscle cell proliferation. However, LRP5/6 inhibition by Mesd did not improve alveolarization or vascularization. Collectively, these data indicate a critical role of LRP5/6 in the pathogenesis of pulmonary vascular remodeling and PH as a result of chronic hyperoxia exposure, thereby suggesting a potential therapeutic target to alleviate PH in neonates with severe BPD. PH contributes significantly to the mortality and morbidity of preterm infants with severe BPD despite advances in neonatal intensive care and widespread availability and use of pulmonary vasodilators such as nitric oxide (4, 24, 25) . Clinical efforts to prevent and treat BPD and PH have been unsuccessful because of its multifactorial nature and poorly understood pathogenic mechanisms. Hyperoxia-induced lung injury in neonatal rats has been widely used as an experimental model of BPD to explore disease processes and identify potential therapeutic targets.
The Wnt/β-catenin signaling pathway is a developmentally active pathway that has been linked to the pathogenesis of 
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Articles important lung diseases such as pulmonary fibrosis and PH (11) (12) (13) . LRP5/6 are Wnt coreceptors that bind to Wnt ligands and activate β-catenin nuclear translocation and further signaling (14) (15) (16) (17) . Although Wnt/β-catenin signaling proteins are present in detectable levels under normal conditions, their expression is markedly increased in disease states. Cyclin D1 and WISP-1 are two important target genes of the Wnt/β-catenin signaling that regulate a diverse array of cell function and differentiation. Specifically, both cyclin D1 and WISP-1 have been implicated as playing critical roles in pulmonary vascular smooth muscle cell proliferation and differentiation (26, 27) . Recently, we and others have shown that in a hyperoxiainduced rat model of BPD, expression of LRP6 and Wnt/β-catenin signaling proteins is markedly increased (20, 21) . Mesd is a gene identified in the mesoderm development deletion interval on mouse chromosome 7. Mesd functions as specific chaperone for LRP5/6 and is essential for specification of embryonic polarity and mesoderm induction (22, 23, 28, 29) . To better elucidate the role of LRP5/6 in neonatal hyperoxiainduced lung injury, we tested whether inhibition of Wnt/β-catenin signaling by blocking LRP5/6 receptors with Mesd would prevent hyperoxia-induced lung injury. We have shown for the first time that in a neonatal hyperoxia-induced lung injury model, treatment with Mesd effectively decreases LRP5/6 phosphorylation and inhibits the expression of Wnt/β-catenin target genes, cyclin D1, and WISP-1.
The primary finding of this study is that inhibition of LRP5/6-mediated Wnt/β-catenin signaling by Mesd attenuated hyperoxia-induced PH. Both excessive pulmonary vascular remodeling and impaired vascular development are associated with PH in BPD. PH may be caused by decreased pulmonary vasculature that limits vascular surface area, thus leading to elevation of pulmonary vascular resistance (4). The excessive pulmonary vascular remodeling may further contribute to high pulmonary vascular resistance through narrowing of the vessel diameter and decreased vascular compliance (4). This study demonstrates that LRP5/6 inhibition attenuates hyperoxia-induced PH and RVH primarily by inhibiting pulmonary vascular remodeling. The medial wall thickness and smooth muscle cell proliferation of peripheral pulmonary vessels were significantly decreased by Mesd treatment during hyperoxia. This finding is in agreement with recent studies that have suggested an important role of LRP5/6 and Wnt/β-catenin signaling in vascular smooth muscle cell development and PH. Gene expression analysis of pulmonary arterial resistance vessels revealed differentially regulated canonical and noncanonical Wnt genes in PH (13, 19, 27, 30, 31) .
A distinct feature of PH is the increased abundance of α-SMA-positive cells in the vessel wall. In the current study, we noted a significant increase in the percentage of proliferating α-SMA-positive cells in the pulmonary vascular medial wall on exposure to hyperoxia. These α-SMA-positive cells may originate from the proliferation of resident vascular smooth muscle cells, adventitial fibroblasts, recruitment of vascular progenitors cells, and transition of endothelial cells into a mesenchymal phenotype (32) (33) (34) (35) . Inhibition of LRP5/6 during hyperoxia resulted in a decrease in the percentage of proliferating α-SMA cells in the pulmonary vascular medial wall. Furthermore, this decreased proliferation is correlated with decreased β-catenin nuclear translocation in the vascular walls. These results highlight the role of LRP5/6 in regulating the proliferation and survival of resident vascular smooth muscle cells (19) . However, whether LRP5/6 play a role in the recruitment of vascular progenitor cells and endothelial-tomesenchymal transition is not clear. It is possible that the partial effect of LRP inhibition on proliferation of pulmonary vascular α-SMA-positive cells as observed in our study is caused by its specific effect on resident pulmonary vascular smooth muscle cells. Mechanisms involved in vascular progenitor cell recruitment and endothelial-to-mesenchymal transition may be independent of LRP5/6 and require further investigation.
We did not observe any beneficial effect of LRP5/6 inhibition on hyperoxia-induced impairment of pulmonary vascularization. The Wnt/β-catenin pathway is thought to play a critical role in angiogenesis by regulating VEGF, particularly in retinal development (36) . VEGF is the most important factor in pulmonary vascular development (37, 38) . Although VEGF expression was decreased by hyperoxia in this study, treatment with Mesd did not augment VEGF expression during hyperoxia. This suggests that the mechanisms involved in hyperoxia-induced downregulation of VEGF and impairment of vascularization may occur through pathways independent of LRP5/6-modulated Wnt/β-catenin signaling and may also explain the partial effect of Mesd administration on PH.
Impaired alveolarization is one of the pathological hallmarks of clinical as well as experimental models of BPD (1, 7) . The importance of Wnt/β-catenin signaling in alveolar development has been demonstrated by previous genetic loss-of-function and gain-of-function studies (10, 39) . Dasgupta et al. have also reported that the administration of peroxisome proliferatoractivated receptor-γ agonist, rosiglitazone, decreases hyperoxia activation of Wnt/β-catenin and transforming growth factor-β signaling and improves alveolar development (21) . Our study did not show improvement of alveolarization by treatment with Mesd during hyperoxia. Our results clearly demonstrate the profound effect on vascular remodeling and the lack of effect on alveolar as well as vascular development by inhibition of LRP5/6 during hyperoxia. One possible explanation is that LRP5/6 inhibition is specific for canonical Wnt/β-catenin signaling. The other possibility is the lack of effect of LRP5/6 inhibition on VEGF expression because VEGF is not only important for angiogenesis but also for alveolarization. There could also be other unknown mechanisms, such as the difference in the abundance of LRP5/6 expression among different types of lung cells.
In conclusion, this study demonstrates that LRP5/6 mediates pulmonary vascular remodeling and PH in hyperoxia-induced neonatal lung injury and that inhibition of this pathway attenuates PH. In addition, this study also shows that inhibition of LRP5/6-mediated Wnt/β-catenin signaling does not have a deleterious effect on normal alveolar and vascular development. Our data suggest that therapeutic interventions targeting LRP5/6 may be a beneficial adjunct in the treatment of neonatal PH associated with BPD because currently available Articles Alapati et al.
therapies consist primarily of vasodilators that have minimal effect on reducing pulmonary vascular remodeling.
METHODS
Animal Model and Experimental Protocol
Timed pregnant Sprague-Dawley rats (The Jackson Laboratory, Bar Harbor, ME) were delivered naturally at term gestation. Newborn rat pups were randomized within 24 h after birth to four groups to receive normoxia (21% O 2 ) plus phosphate-buffered saline (PBS) (placebo); normoxia plus Mesd; hyperoxia (90% O 2 ) plus PBS; or hyperoxia plus Mesd. Recombinant mouse Mesd protein was prepared as described previously (23) . Mesd (10 mg/kg mixed in PBS) or PBS (equal volume) was given by intraperitoneal injection before exposure to hyperoxia and then every other day for a total of 14 d. Hyperoxia exposure was achieved in a sealed plastic chamber with continuous O 2 monitoring. The study protocol was approved by the University of Miami Animal Care and Use Committee, and all animals were cared for according to the guidelines set forth by the institution and the US National Institutes of Health.
Hemodynamic Measurements
On postnatal day 15, animals were anesthetized and RVSP was measured by cardiac catheterization as previously described (40) . Hearts were then dissected and the RV/LV + S weight ratio was determined as an index for RVH (40) .
Lung Tissue Collection
For histological and morphometric analyses, lungs were infused with 4% paraformaldehyde in PBS via a tracheal catheter under 20 cm H 2 O pressure for 5 min and then fixed in 4% paraformaldehyde overnight at 4 °C. Dehydrated lung tissues were paraffin embedded and 5-μm tissue sections were prepared.
Lung Morphometry
Hematoxylin and eosin-stained tissue sections were used to measure the mean linear intercept (40) .
Double Immunofluorescence Staining
Double immunofluorescence staining was performed as previously described (40) . The following primary antibodies were used: mouse anti-β-catenin and anti-α-SMA antibodies from Sigma (Saint Louis, MO); a rabbit anti-von Willebrand factor antibody from Dako (Carpenteria, CA); and a rabbit anti-ki-67 antibody from Abcam (Cambridge, MA).
Assessment of Pulmonary Vascular Remodeling, β-Catenin Nuclear Translocation, and Proliferation
Medial wall thickness of peripheral pulmonary vessels (<50 μm) was assessed on α-SMA-stained lung tissue sections (40) . The percentage of peripheral vessels with at least one β-catenin positive nucleus was determined on lung tissue sections with β-catenin immunofluorescence and DAPI nuclear staining. Proliferation of pulmonary vascular smooth muscle cells was determined on α-SMA and ki-67 (marker for cell proliferation) double-stained lung tissue sections. The proliferation index was determined by the ratio of smooth muscle cells with ki-67 positive nucleus to total smooth muscle cells on 20 vessels (<50 μm) per slide.
Assessment of Vascular Density
Vascular density was assessed on von Willebrand factor-stained lung sections as previously described (40) .
Western Blot Analysis
Total protein extraction and western blot analysis were performed as previously described (40) . Primary antibodies used included cyclin D1, WISP-1, and VEGF from Santa Cruz Biotechnology (Santa Cruz, CA) and pLRP5/6 from Cell Signaling (Danvers, MA).
Statistical Analysis
Data are expressed as means ± SD. Comparison among groups was performed by one-way ANOVA followed by the Student-NewmanKeuls test. P < 0.05 was considered significant.
